D
uring the last 5 years, several studies indicated that low concentrations of the naturally occurring amino acid homoarginine predict a risk of adverse cardio-and cerebrovascular outcome and of mortality (reviewed in previous works 1, 2 ). Analyses of the associated clinical phenotypes, as well as experimental studies in mice, have proven a mechanistic link of impaired homoarginine and cerebrovascular disease. 3 Synthesis of homoarginine in humans is catalyzed by the enzyme, L-arginine:glycine amidinotransferase (AGAT, EC 2.1.4.1), which is also known as the first and rate-limiting enzyme of creatine synthesis. 1 Because of a structural similarity with L-arginine, homoarginine is supposed to interfere with the nitric oxide (NO) pathway. Homoarginine is a weak alternative NO synthase substrate, competes with L-arginine for cellular influx and efflux transporters, and improves L-arginine availability, inhibiting its metabolism by arginases. 4 In line with these mechanistic insights, low homoarginine concentrations have been linked to phenotypes of (sub)clinical atherosclerosis, that is, brachial intima-media and aortic wall thickness. 5, 6 In patients with stable coronary heart disease, endothelial dysfunction and vessel obliteration are the clinical features of a general atherosclerotic phenotype with a subsequent coronary manifestation. Onset of an acute coronary syndrome (ACS) is related to plaque instability and subsequent inflammation, coronary thrombosis, and/or vasospasms. The link between endothelial dysfunction and ACS is thus not direct, but peripheral endothelial function testing predicts cardiovascular outcome in ACS, and subsequent normalization of endothelial function in these patients lowers event rates. 7, 8 Atrial fibrillation (AF) is independently associated with an increased risk of incident myocardial infarction (MI). 9 Symptoms of AF and ACS as dyspnea and chest discomfort are similar and may thus obscure the presence of acute myocardial ischemia. 10 The concomitance of AF in ACS was shown to complicate MI, given that conduction of rapid arrhythmias causes additional impairment of coronary perfusion and left ventricular function. 11 Unsurprisingly, patients with ACS and coexisting AF were shown to have worse outcomes. 12 To explore whether homoarginine levels are associated with AF and outcome in patients with acute chest pain, plasma homoarginine was measured in 1649 consecutive patients presenting at 3 German chest pain unit centers. Specifically, this study aimed to investigate (1) the associations of homoarginine with cardiovascular outcome and (2) a potential relationship with additional biomarkers and cardiovascular phenotypes.
Methods

Study Protocol
A total of 1818 patients ages 18 to 85 with suspected ACS were enrolled in an observational multicenter cohort at 3 German tertiary care centers between January 2007 and December 2008 (University Medical Center of the JohannesGutenberg University Mainz, University Heart Center Hamburg-Eppendorf, and Federal Armed Forces Hospital Koblenz). Eligible patients were between 18 and 85 years of age. Exclusion criteria were major surgery or trauma within the preceding 4 weeks, pregnancy, intravenous drug misuse, and anemia with hemoglobin level below 10 g/dL. Subjects provided blood samples on admission for biomarker determination in parallel with routine blood draws. 13, 14 At the same time point, a 12-lead electrocardiogram (ECG) was recorded. Medical history was taken, including time of chest pain onset, a physical examination was performed, and questionnaire data on cardiovascular disease risk factors and symptoms were collected based on self-reported information and medical charts. All patients provided written informed consent. 
Definition of Variables
Individuals treated with antihypertensive medication or previously diagnosed as having hypertension were considered to have hypertension. Individuals with total cholesterol >200 mg/dL at admission or with a previous hyperlipidemia diagnosis were regarded as hyperlipidemic. Patients on medication or dietary treatment for diabetes were considered to have diabetes mellitus. Obesity was defined as body mass index (BMI) ≥30 kg/m 2 . Estimated glomerular filtration rate (eGFR) was computed using the CKD-EPI formula. 15 Previous cardiovascular disease (CVD) and chronic kidney disease (CKD) were self-reported in a standardized interview. Prevalent AF was diagnosed based upon evaluation of the 12-lead ECG recordings at admission. QRS and QTc duration were assessed using baseline (at admission) ECG recordings. For QRS analysis, participants were excluded for prevalent AF on ECG; pacemaker in place; ventricular pre-excitation; secondor third-degree heart block; history of MI or heart failure; and QRS ≥120 ms. For QT analysis, participants were excluded for prevalent AF on ECG; pacemaker in place; QRS ≥120 ms.
Measurement of Plasma Homoarginine and Additional Biomarkers and Laboratory Parameters
Venous blood was collected into EDTA tubes. After centrifugation, EDTA plasma aliquots were stored at À80°C in 2 central laboratories (University Medical Center of the Johannes-Gutenberg University Mainz and University Heart Center Hamburg-Eppendorf). For each analyte, all samples were analysed in 1 batch in one of the central laboratories. Plasma homoarginine was determined from frozen EDTA plasma samples with a high throughput mass spectrometric (MS) assay, applying electrospray ionization/liquid chromatography (LC)-MS/MS. 16 Briefly, proteins were precipitated by adding 25 lL of EDTA plasma to 100 lL of internal standard
Samples were centrifuged, evaporated, and subsequently converted to their butyl ester derivatives using 1 N of butanolic hydrochloric acid. After centrifugation, eluates were dried by heating and redissolved in 100 lL of methanol/ water (25:75), containing 0.1% ammonium formate, before measurement. Plates were placed in a CTC PAL autosampler, and 20-lL aliquots were subjected to further analysis in the MS system (Varian 1200 MS; Agilent Technologies, Santa Clara, CA). The lower limit of quantification for homoarginine was determined to be 0.01 lmol/L. Intra-and interassay coefficients of variation were ≤7.5%. L-arginine, asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA) were measured applying LC-MS/MS, 17 as described in detail elsewhere. 18 Brain natriuretic peptide (BNP), highsensitivity C-reactive protein (hsCRP), high-sensitivity assayed troponin I (hsTnI), midregional proadrenomedullin (MRproADM), midregional proatrial natriuretic peptide (MRproANP), cystatin C, high-density lipoprotein (HDL) cholesterol, triglycerides, and creatine kinase were measured using dedicated commercial assays, as described elsewhere.
14,19
Mortality and Nonfatal Cardiovascular Event Assessment
Six-month follow-up was performed by standardized telephone interview, letter, and review of medical charts. If patients could not be contacted by telephone interview or letter, the general practitioner was contacted. Medical charts were obtained from hospitals and general practitioners. All self-reported nonfatal strokes and MIs were verified by medical charts. Major adverse cardiovascular events (MACEs), including nonfatal strokes and MIs, fatal strokes and MIs, and all-cause mortality, were adjudicated by at least 2 cardiologists blinded for homoarginine measurements. Follow-up information was missing in 2% of enrolled patients.
Statistical Analyses
Participants were divided into 2 groups based on diagnosis of ACS and noncardiac chest pain (NCCP Spearman correlations were used to calculate univariate associations between homoarginine and continuous variables. A linear regression with log-transformed homoarginine as the dependent variable and cardiovascular risk factors as independent variables was performed. The association of homoarginine to QRS and QTc duration was examined linearly regressing log-homoarginine on each of these ECG variables using different multivariable adjustments. A combined endpoint comprising all-cause mortality, nonfatal stroke, and nonfatal MI (MACE) was used in all survival analyses. A homoarginine cutoff for 6-month prediction of MACE was derived by maximizing the sum of 6-month sensitivity and specificity for MACE. Sensitivity and specificity were computed using the Kaplan-Meier approach described in Heagerty et al. 20 Kaplan-Meier survival curves at the median value of homoarginine as well as at the evaluated cutoff for homoarginine were constructed in the overall sample and the subgroup of ACS patients. Statistical comparisons were made using the log-rank test. Cox proportional hazards modeling was used to calculate hazard ratios (HRs) and 95% CIs using a series of multivariable adjustments. For these analyses, homoarginine was used after being log-transformed. In model 1, age and sex were included. Model 2 comprised model 1 with additional adjustment for other risk factors similar to the GRACE model applied previously in this cohort. 19 Model 3 comprised model 2
with additional adjustment for in-hospital treatment (percutaneous coronary intervention [PCI] or coronary artery bypass grafting [CABG] ). HRs are given for a 1-SD increase in loghomoarginine. The proportional hazards assumption was tested and visually assessed using the methods described by Grambsch and Therneau. 21 No deviations from this assumption were found. Patients were divided into 2 BNP groups using a cut-off value of 80 pg/mL as a predictor of the presence of congestive heart failure, 22 and the homoarginine cutoff was used to produce survival curves on each BNP group. The logrank test was used to test for differences. This was repeated, exchanging BNP by hsTnI, a previously identified biomarker for MI, with a cutoff of 27 ng/L based on the 99th percentile in 5000 individuals of the Gutenberg Health Study. 23 The association of AF and homoarginine, which was used log-transformed, was examined using logistic regression. Three models were considered, the first one was adjusted for age and sex; the second for variables in model 1 plus common cardiovascular risk factors. Model 3 comprised model 2 including adjustment for in-hospital treatment (PCI or CABG). Statistical analyses were performed using R software (version 3.2.2; R Core Team 2013; R: A language and environment for statistical computing; R Foundation for Statistical Computing, Vienna, Austria: URL http://www.Rproject.org/). All statistical tests reported are 2-sided, with significance defined by P<0.05.
Results
Description of the Study Sample
The present study included 1649 patients (66% males) with a mean age of 62AE13 years. Among all patients included, 589 were diagnosed with ACS (368 acute myocardial infarctions [AMIs] and 221 UAPs) and 1060 with NCCPs. Bivariate analyses among these groups revealed higher prevalence of traditional cardiovascular risk factors (specifically, current smoker, diabetes mellitus, hypertension, or history of CVD) in the ACS subsample (Table 1) . In patients diagnosed with ACS, Table S1 . Inverse correlations with homoarginine were noticed for age, QTc duration, cystatin C, and HDL cholesterol. Positive correlations were observed with BMI, triglycerides, and circulating L-arginine concentrations. In a multivariable linear regression model, log-homoarginine was independently and positively associated with male sex, BMI, systolic blood pressure (BP), and eGFR. Negative associations were observed with congestive heart failure, current smoking, and age. No significant association was observed with HDL cholesterol, diabetes mellitus, and previous MI (Table 2 ).
Homoarginine and Major Adverse Outcomes in the Study Sample
During a median follow-up of 183 days, a total of 60 MACEs (3.8%), including 19 deaths, 10 nonfatal strokes, and 31 nonfatal MIs, were observed. Circulating homoarginine concentrations were significantly higher in participants without incident MACE as compared with those who experienced an event during the follow-up period (2.39 [1.87-3.01] vs 2.09 [1.48-2.77] lmol/L; P=0.008). In the overall study population, Kaplan-Meier analysis revealed that cumulative incidence of MACE was significantly higher in individuals with homoarginine at or below the median (2.38 lmol/L; 4.7%) compared with homoarginine above the median (2.9%; P<0.05; Figure 1A) . A similar association was observed in the subgroup of diagnosed ACS (43 MACE [7. 5%], including 13 deaths, 4 nonfatal strokes, and 26 nonfatal MIs; P<0.005; Figure 1B) . In adjusted Cox regression analyses, an increase of 1 SD log-homoarginine was associated with a hazard reduction of 26% for incident MACE (model 3; Table 3 ). Similar results were observed in the subgroup of ACS patients; hazard reduction related to an increase of homoarginine was 35% in the adjusted model (model 3; Table 3 ). The predictive cut-off value for homoarginine for MACE in this study population was determined to be 1.41 (95% CI, 1.25, 2.77) lmol/L, with a sensitivity of 25% and a selectivity of 91%. Using this cutoff, Kaplan-Meier analysis showed a higher cumulative incidence of MACE in individuals with homoarginine at or below the cutoff (1.41 lmol/L; 10.7%) compared with homoarginine above the cutoff (3.1%; P<0.001, log-rank test; Figure S1A ). Similar results were obtained in the ACS subgroup (23% vs 6.0%; P<0.001, log-rank test; Figure S1B ). Further subgroup analyses revealed that homoarginine below the cutoff predicted MACE in patients with low and high BNP equally (P<0.05; Figure 2A ). Of note, homoarginine was only predictive in patients with elevated hsTnI (hsTnI >27 ng/L; P<0.01; Figure 2B ).
Homoarginine and Cardiovascular Phenotypes
The strongest correlations of circulating homoarginine with cardiac biomarkers were observed with MR-proADM, BNP, and MR-proANP. Further correlations were observed with creatine kinase and hsTnI (Table 4 ). In age-and sex-adjusted linear regression analyses, log-homoarginine was inversely associated with QTc duration (P<0.001; model 1; Table 5 ). QTc duration remained significantly associated with circulating homoarginine after further adjustment for BMI, current smoking, diabetes mellitus, hypertension, hyperlipidemia, and in-hospital treatment (P<0.001; model 3; Table 5 ). In 288 patients suffering from AF, significantly more patients had circulating homoarginine concentrations below/at the median compared to above homoarginine median (n=168 vs 120; P=0.0023, Fisher's exact test; all participants). Similar associations were observed in the ACS subgroup. Adjusted logistic regression analyses showed for an increase of 1 SD log-homoarginine an odds ratio (OR) reduction for prevalent AF by 17% (model 3; Table 6 ).
Discussion
There are several novel findings from this study. First, low homoarginine concentrations predict cardiovascular outcome For the continuous variables, ß-estimates are shown for a 1-unit change in the variable. Homoarginine was log-transformed. BMI indicates body mass index; BP, blood pressure; eGFR, glomerular filtration rate estimated using the CKD-EPI formula; HDL, high-density lipoprotein; HF, heart failure; MI, myocardial infarction.
in patients with acute chest pain, in particular in those with elevated hsTnI. Second, homoarginine levels are correlated to biomarkers representing cardiovascular function (MRproADM, BNP, and MR-proANP). Last, homoarginine is inversely associated with QTc duration as well as prevalent AF. Figure 1 . Unadjusted failure curves for incidence of the combined endpoint comprising all-cause mortality, nonfatal stroke, and nonfatal myocardial infarction according to homoarginine median (A) in the overall study population (2.38 lmol/L; n=1649; P=0.047, log-rank test) and (B) in the ACS subsample (2.37 lmol/L; n=589; P<0.005, log-rank test). ACS indicates acute coronary syndrome; MACE, major adverse cardiovascular event.
Low circulating concentrations of the endogenous amino acid homoarginine have been reported to be a prognostic marker for mortality and cardiovascular events in a variety of diseases, among them heart failure, stroke, and CKD. 1, 2 In the present study sample of patients with acute chest pain, median plasma homoarginine was 2.38 [1.86-3.01] lmol/L. Although median homoarginine concentrations were not significantly different between ACS and NCCP patients, the predictive value of low homoarginine on incident MACE-in the overall study population as well as in the subsample of ACS patients-was evident. It is generally accepted that atherosclerosis plays a pivotal role in pathogenesis of ACS. 7, 8 In line with this, Valtonen et al. found a positive correlation between homoarginine and endothelium-dependent brachial artery flow mediated dilation. 24 Supporting the association between homoarginine and endothelial function, low circulating homoarginine has recently been linked to phenotypes of (sub)clinical atherosclerosis, that is, brachial intima-media and aortic wall thickness. 5, 6 Vascular atherosclerosis triggers myocardial stress and may, by this end, directly activate the cardiac neurohormonal system. 25 We and others found a strong association of low homoarginine concentrations and increased levels of BNP. [26] [27] [28] [29] In our study, homoarginine was not only correlated with parameters of myocardial stress (MRproADM, BNP, and MR-proANP), but also with markers of coronary ischemia (creatine kinase, hsTnI). New onset of an acute event occurs upon vessel obliteration and subsequent myocardial necrosis. Of note, the study population investigated here has already been used to identify the predictive value of hsTnI, MR-proADM, and MR-proANP for cardiovascular outcomes. 13, 19, 23 We therefore determined a cut-off value for homoarginine for prediction of MACE and evaluated this cutoff in the context of the predefined cutoffs for those already-established biomarkers, BNP and hsTnI. Only in those patients with elevated hsTnI (cutoff 27 ng/L) 23 , low homoarginine predicted future cardiovascular events in our study population ( Figure 2B ). This observation may underline the relevance of homoarginine for patients at higher risk for secondary events. Compared to hsTnI, a valuable marker in the acute phase of coronary ischemia, homoarginine may provide additional prognostic information for short-and longterm outcome. Whereas the present study focused on patients with acute chest pain that were followed up for 183 days, a study including patients routinely referred to coronary angiography and followed for 9.9 years identified circulating homoarginine as a predictor for all-cause and cardiovascular mortality. 30 Of note, homoarginine showed an inverse association with QTc duration. Patients with QTc prolongation are known to experience more likely an ACS. 31 In the MERLIN-TIMI 36 study, an abnormal QTc interval was associated with a 2-fold increased risk of sudden cardiac death in patients with non-ST elevation ACS. 32 So far, nothing is known about homoarginine in AF. In the present study, a statistically significant association of homoarginine with prevalence of AF was detected. Patients suffering from AF were shown to have significantly lower homoarginine concentrations. AF is an important comorbidity in ACS. Most recent studies have demonstrated that AF is associated with a higher risk of subsequent cardiovascular events 33 and mortality 12 in ACS.
Thus, both ECG variables (ie, QTc prolongation) and AF are predictors of adverse outcomes in patients with ACS. Our data showed an association of homoarginine with QTc duration and prevalence of AF. Whether homoarginine is lower because of prevalence of the disease and ECG abnormalities or precedes these electrocardiographic changes cannot be answered from the current analyses. Our data should be viewed as hypothesis generating and thus be interpreted with caution. At this point, further experimental studies are necessary to elucidate a potential causal link between homoarginine and electrocardiographic changes. Whether targeting the homoarginine/AGAT pathway in patients with prevalent AF or QTc prolongation may improve outcome, as shown, for example, for ranolazine, 34 needs further investigation.
Study Limitations
As a qualitative hypothesis-generating study, the hypothesis is based on interview data of the research participants. Even though our data might not be representative for other patients with acute chest pain, the validity and generalizability of the study has been previously shown for the diagnostic value of hsTnI and the prognostic value of MR-proADM and MR- proANP. 13, 19 Furthermore, the cut-off value evaluated here for homoarginine (1.41 lmol/L) shows low sensitivity (25%) and might therefore not be generally applicable to other collectives. Further investigations in larger study samples are needed to formulate a cut-off value with higher sensitivity and selectivity values. Another limitation of our study is that Figure 2 . Unadjusted failure curves for incidence of the combined endpoint comprising all-cause mortality, nonfatal stroke, and nonfatal myocardial infarction according to homoarginine cutoff (1.41 lmol/ L) and stratified by (A) BNP (cutoff, 80 pg/mL; n=1127 to 488; P<0.01 and <0.05, log-rank test) or (B) hsTnI (cutoff, 27 ng/L; n=1131 to 465; P=0.64 and <0.01, log-rank test). BNP indicates brain natriuretic peptide; hsTnI, high-sensitivity assayed troponin I; MACE, major adverse cardiovascular event.
coronary angiography data are not available for the entire study population. Furthermore, the overall event rate is relatively low and no incident AF was documented.
Clinical Implications
Homoarginine is an endogenous compound related to QTc duration and AF, implicating a potential role in risk assessment of supraventricular and ventricular arrhythmias. In addition, homoarginine is associated with parameters of cardiac function and coronary ischemia. It is directly related to incidence of MACE and may thus prospectively play a role in the prognosis of ACS. In an advantage to other markers (eg, hsTnI), homoarginine is targetable by oral supplementation.
Conclusions
In summary, the current findings identified homoarginine as a biomarker for MACE in patients with acute chest pain, in particular in those with elevated hsTnI and as a novel correlate for prevalent AF. Low homoarginine is therefore not only a predictor for adverse outcome in patients with acute chest pain, but might also be a new target in these patients, that is, by homoarginine supplementation or AGAT activation. Data are presented for 1-SD increase in log-homoarginine (0.37). CABG indicates coronary artery bypass grafting; OR, odds ratio; PCI, percutaneous coronary intervention. *Model 1 adjusted for age and sex; model 2 adjusted for variables in model 1 plus body mass index, current smoking, diabetes mellitus, hypertension, and hyperlipidemia; model 3 adjusted for variables in model 2 plus in hospital treatment (PCI or CABG). 
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